Calorie restriction (CR) extends life span in diverse species. Mitochondria play a key role in CR adaptation; however, the molecular details remain elusive. We developed and applied a quantitative mass spectrometry method to probe the liver mitochondrial acetyl-proteome during CR versus control diet in mice that were wild-type or lacked the protein deacetylase SIRT3. Quantification of 3,285 acetylation sites-2,193 from mitochondrial proteins-rendered a comprehensive atlas of the acetyl-proteome and enabled global site-specific, relative acetyl occupancy measurements between all four experimental conditions. Bioinformatic and biochemical analyses provided additional support for the effects of specific acetylation on mitochondrial protein function. Our results (1) reveal widespread reprogramming of mitochondrial protein acetylation in response to CR and SIRT3, (2) identify three biochemically distinct classes of acetylation sites, and (3) provide evidence that SIRT3 is a prominent regulator in CR adaptation by coordinately deacetylating proteins involved in diverse pathways of metabolism and mitochondrial maintenance.
INTRODUCTION
Calorie restriction (CR) is the only regimen known to extend the life span and health span in a spectrum of organisms that include yeast, mice, and nonhuman primates (Colman et al., 2009; Mattison et al., 2012; Weindruch et al., 1986) . Reducing food consumption 25%-60% without undernutrition extends the life span of rodents up to 50% (Weindruch et al., 1986) and in different animal models delays the onset of age-related maladies, like cardiovascular disease, cancer, and diabetes (Colman et al., 2009; Koubova and Guarente, 2003) . The positive effects of CR are linked to major metabolic reprogramming toward efficient fuel utilization and a reduction in oxidative damage to macromolecules (Anderson and Weindruch, 2012; Sohal and Weindruch, 1996) . Mitochondrial dysfunction plays an important role in cellular aging (Wallace, 2005) and reduces fuel utilization plasticity. As metabolic centers for fuel utilization and primary producers of cellular reactive oxygen species, mitochondria are poised to act as mediators of reprogramming under CR. However, the molecular basis for global metabolic adaptation induced by CR remains unknown.
Emerging evidence suggests that reversible protein acetylation might be a dynamic protein modification that regulates metabolism through multiple mechanisms. The sirtuin family of nicotinamide adenine dinucleotide (NAD) + -dependent protein deacetylases is implicated as possible regulators of the cellular adaption to CR and directly deacetylate specific metabolic enzymes. In yeast, sirtuins are reported as critical components of the CR-dependent extension of life span (Lin et al., 2000) , and in multiple organisms, sirtuins are linked with improved health span and metabolic regulation. A critical link between an antiaging phenotype associated with CR and sirtuins was recently demonstrated for the mitochondrial Sirtuin3 (SIRT3), which was essential for the prevention of age-related hearing loss in mice under CR (Someya et al., 2010; Yu et al., 2012) . In response to CR or prolonged fasting, the expression of SIRT3 is induced considerably Someya et al., 2010) . SIRT3 regulates the function of several mitochondrial proteins involved in oxidative phosphorylation, fatty acid oxidation, the urea cycle, and the antioxidant response system (Hallows et al., 2006 Hirschey et al., 2010; Lombard et al., 2007; Qiu et al., 2010; Schlicker et al., 2008; Schwer et al., 2006; Shimazu et al., 2010; Yu et al., 2012) . SIRT3 is postulated to be the main, if only, protein mitochondrial deacetylase, but the extent of its capacity to modulate mitochondrial processes remains unclear.
Protein acetylation has emerged as a major posttranslational modification, and accumulating evidence indicates that acetylation rivals phosphorylation as a regulatory modification (Chen et al., 2012; Choudhary et al., 2009; Henriksen et al., 2012; Kim et al., 2006; Lundby et al., 2012; Pagliarini et al., 2008; Zhao et al., 2010) . With respect to CR and the role of SIRT3, a broad and deep understanding of acetylation dynamics remains elusive. In a handful of cases, mass spectrometry (MS) has been applied to study mitochondrial acetylation in response to diet changes or SIRT3 expression on a subset of potential protein substrates (Fritz et al., 2012; Hirschey et al., 2010; Kendrick et al., 2011; Law et al., 2009; Schwer et al., 2009; Someya et al., 2010) ; however, to understand the diverse mechanisms of reversible acetylation that modulate mitochondrial metabolism and maintenance, a robust, quantitative approach that maps physiologically relevant changes across the mitochondrial acetylome is required.
Here we describe a quantitative acetyl-proteomic method that combines isobaric tagging for multiplexed quantification, immunoenrichment, two-dimensional chromatography, and high-resolution, high-accuracy MS. We applied this approach to examine the mitochondrial-wide changes to the acetyl-proteome during CR in mice and concomitantly examined the function of resident protein deacetylase SIRT3 in mediating the CR response. We identified 3,285 acetylation sites, of which 2,193 were localized to mitochondrial proteins, and achieved near complete coverage of the mitochondrial proteome. This quantitative acetylation atlas provides a key resource for understanding mitochondrial regulation and reversible protein acetylation. With these data, we establish that SIRT3 is a major regulator of the mitochondrial acetylome in response to CR and discover new processes controlled by SIRT3.
RESULTS

Metrics
We developed and applied a quantitative acetyl-proteomic method to examine the mitochondrial-wide reprogramming of the acetylome and proteome in response to CR and the role of SIRT3-dependent regulation of the mitochondrial acetylome under CR. Our approach (Figure 1 ) utilized four distinct components: (1) isobaric tags for multiplexed quantification, (2) an antibody-based acetylpeptide enrichment technique, (3) two-dimensional chromatography, and (4) high-resolution, high-mass-accuracy MS. We compared liver mitochondrial proteomes and acetyl-proteomes of 12 mice (C57BL/6J) following a CR dietary study. Specifically, three wild-type (WT) and three Sirt3 À/À mice, at 2 months of age, had their caloric intake reduced by 25% (i.e., CR group), while three WT and three Sirt3 À/À animals were maintained on a control diet (CD; i.e., CD group, Figure 1 ). All mice were euthanized at 12 months of age. Altogether, we analyzed, in biological triplicate, the mouse liver mitochondrial proteomes and acetyl-proteomes across four conditions: WT-CD, WT-CR, Sirt3 À/À -CD, and Sirt3 À/À -CR. From these experiments, we detected and quantified 3,285 acetylation sites, the vast majority of which (2, 193) were localized to mitochondrial proteins (434). We likewise achieved very deep quantification of the mitochondrial proteome (568 of the 701 confirmed members), allowing for the most comprehensive mitochondrial acetyl-proteome study to date.
To profile acetylome dynamics, as regulated by CR and/or SIRT3, intact mitochondria were purified from mouse livers (vide supra) via differential centrifugation. The purified mitochondrial proteins were subjected to trypsin digestion followed by isotopic labeling (isobaric tag, TMT). Labeled peptides were then combined (Figure 1 ), fractionated by strong cation exchange chromatography, and immunopurified to isolate acetylated peptides. A small portion ($5%) was excluded from acetyl-enrichment to obtain protein abundance (Table S1 available online). All fractions were analyzed using a nanoflow liquid chromatography-mass spectrometry method on a high-resolution and high-mass-accuracy orbitrap mass spectrometer. Eluting peptide cations were isolated and subjected to tandem mass spectrometry (MS/MS) to obtain both sequence identity À/À mouse liver mitochondria were compared in biological triplicate from mice fed either the control or CR diet. Numbers correspond to the isobaric mass tag used for that sample. (B) Extracted protein from purified liver mitochondria was trypsin digested followed by labeling with TMT reagents. Labeled peptides were combined and fractionated by strong cation exchange chromatography. Each fraction was enriched for acetyl peptides with a pan anti-acetyl lysine antibody and analyzed via nano-reverse-phase liquid chromatography (RPLC)-MS/MS. See also Figure S3 .
and quantitative information in a single scan (Figure 2) . A pervasive problem that occurs during isobaric tagging is a phenomenon known as precursor interference. Briefly, when a precursor mass-to-charge (m/z) is selected for dissociation, it is isolated from all the other peptide m/z values present in the MS1 spectrum with approximately a 2-3 m/z window. Very often (>60%), other peptide species are coisolated with the intended target, and though these contaminants are usually of lower abundance and do not affect identification of the target sequence, all isolated precursors generate reporter tags and are measured collectively. The presence of these contaminants distorts the measurement and reduces both quantitative accuracy and dynamic range. To eliminate this problem, we employed a recently developed gas-phase ion/ion reaction scheme, QuantMode (Wenger et al., 2011a) . QuantMode subjects each isolated precursor to an extremely fast ($50 ms) gas-phase ion/ion reaction that purifies the intended target prior to MS/ MS. With this strategy, we collected $1.5 million MS/MS scans, each of which was processed using a custom in-house developed software suite (COMPASS) (Phanstiel et al., 2011; Wenger et al., 2011b) . Only peptide and protein identifications below 1% false discovery rate (FDR) are reported here; acetylation site assignments were subsequently localized to specific lysines using a modified A-score algorithm ( Figure S1 ) (Wu et al., 2011) . Alterations of protein abundance, either in vivo or during preparation, can cause apparent acetylation changes, even when the acetylation site occupancy of a protein remains unaffected. Measuring absolute occupancy of global acetylation sites would require the synthesis of thousands of isotopically labeled internal standards and is thus currently impractical. Instead we implemented an experimental design to generate relative acetylation site occupancy information by quantifying both acetylation and protein abundance. The spectrum shown in Figure 2A depicts an MS/MS scan mapped to the peptide EMLVK(ac)LAK, a product of digested ribosome releasing factor (MRRF). Note the inset displays the reporter tag mass-to-charge (m/z) region, which indicates strong upregulation of this site in WT-CR (2-fold), Sirt3 À/À -CD (7.5-fold), and Sirt3 WT-CR Sirt3
MRRF -ribosome releasing factor
Figure 2. Example Relative Acetyl Occupancy Quantitation for Site K195 on the MRRF Protein
The peptides used for calculations are highlighted within the MRRF protein sequence. Blue: Unmodified peptide sequences, spectra with reporter ion magnification, and protein fold change for each condition compared to WT-CD condition. Note: the three unique peptides from five total identifications are shown here. Yellow: The MRRF K195 acetylated peptide sequence, spectra, and acetyl fold change for each condition compared to WT-CD. Bottom center: Results for acetyl fold change normalized to protein fold change for each condition compared to WT-CD. See also Figure S1 .
all detected unmodified MRRF peptides. In total, five MS/MS scans were mapped to three unique unmodified peptides from MRRF. Summation of these five reporter ion regions provides a protein abundance measurement; combination of these data with acetylation fold-change confirms that the acetylation site occupancy is indeed dynamic (Figure 2 ). This process was conducted for each of the 3,285 acetylation sites documented here and is presented in whole in Table S2 . From these data, we conclude our method is both specific and reproducible. In each of the three experimental replicates, approximately 70% of the acetylation sites were from mitochondrial proteins. The average enrichment efficiency observed in this study (46%), i.e., number of acetyl peptides identified divided by the total number of identified peptides, was considerably higher than values typically reported ( Figure 3A ) (Guan et al., 2010; Lundby et al., 2012) . Improved enrichment efficiency may have resulted from reducing sample complexity through fractionation prior to immunoenrichment or the increased abundance of the acetylation modification in the Sirt3 À/À mitochondria. Figure 3B presents the overlap of acetylation sites detected across the replicates-over half of all acetyl sites were found in every experiment. The interexperiment overlap of our acetylation identifications is higher than what is commonly observed for phosphorylation, where only 1/3 of all phosphorylation sites would likely be observed in all three experiments (Wolf-Yadlin et al., 2007) . The high overlap provides both a basis for strong statistical analysis, as most sites are detected in all three biological replicates, and strong confidence in our identifications. From this comprehensive atlas, we report that 65% of mitochondrial proteins have at least one identifiable acetylation site ( Figure 3C ); the majority of these proteins have multiple sites of acetylation. This observation was unexpected and goes well beyond the recent estimates that $20% of the mitochondrial proteome is acetylated (Kim et al., 2006) . Site occupancy measurements indicate that, of the 1,275 mitochondrial acetylation sites identified in all of the experiments, 8%, 32%, and 43% exhibit R2-fold statistically significant changes (p < 0.05, Welch's t test with Storey correction) in the CR, Sirt3 À/À , and
Sirt3
À/À -CR conditions, respectively ( Figure 3D ). Altogether, our data indicate that the mitochondrial proteome is (1) extensively acetylated and (2) pervasively altered by CR and genetic loss of SIRT3.
Calorie Restriction Dramatically Alters the Mitochondrial Protein Acetylation Landscape CR dynamically alters mitochondrial protein acetylation, with two notable trends. CR increases acetylation site occupancy of 135 acetyl sites (p < 0.05) by >2-fold when compared to CD ( Figure 3D ), while a subset of mitochondrial acetylation sites (>100) display decreased acetylation under CR. The two modes of the distribution in Figure 4A reflect both the acetylation sites that decrease under CR and a segregation based upon mitochondrial localization, with acetyl sites localized to the mitochondria exhibiting increased acetylation and the nearly 500 nonmitochondrial acetyl sites showing minimal change. These results indicate CR is a major regulator of protein acetylation, but these changes are predominantly mitochondrial. A major benefit of our approach is the quantitation of total protein in addition to acetyl sites. Compared with acetylation, there is relatively little change in the overall distribution of protein-fold changes across conditions, as only 33 proteins change more than 1.5-fold ( Figure S2A ), supporting a hypothesis that changes in acetylation, but not overall protein levels, drive metabolic reprogramming under CR.
CR induced significant deacetylation of 108 acetyl sites (p < 0.05) by 20% or greater. SIRT3 expression is stimulated under chronic CR ( Figure S3 ) Schwer et al., 2009; Someya et al., 2010) and both deacetylates and regulates the function of several mitochondrial proteins in response to fasting and/or CR, including OTC, LCAD, HMGCS2, and IDH2 Hirschey et al., 2010; Shimazu et al., 2010; Someya et al., 2010) . As the only validated deacetylase in mitochondria, and because SIRT3 expression is stimulated under CR, we attribute acetyl sites displaying decreased acetylation under CR as SIRT3 substrates. Further, the majority of acetyl sites with decreased acetylation in CR show dramatically increased acetylation (8-to 100-fold, p < 0.05) in Sirt3 À/À (Figure 4B) . We conclude that SIRT3 is responsible for the striking loss of acetylation in a number of proteins in diverse mitochondrial pathways. Tables S1 and S2 .
SIRT3 Expression Is a Dominant Regulator of the Mitochondrial Acetylome
We detected a vast number ($400) of mitochondrial acetyl sites increasing (i.e., >2-fold) in the absence of SIRT3-120 of these exhibited >8-fold increased acetylation ( Figure 3D ). CR treatment of Sirt3 À/À mice induces an additional 34% increase in the number of acetyl sites significantly increasing R2-fold (Figure 3D ). Regardless of dietary treatment, the overall mitochondrial acetylation landscape is dominated by loss of SIRT3 (Sirt3
) as evinced by the near linear correlation between the acetyl fold change of Sirt3 À/À -CR and Sirt3 À/À -CD ( Figure 4B ).
Importantly, a number of acetyl sites previously identified as SIRT3 substrates were identified, including those in HMGCS2, IDH2, and SDHA. The trends we observed for HMGCS2 are consistent with published results, as regulated lysine residues (K327, K333, and K473) display low acetylation in CR and considerably increased acetylation in Sirt3 À/À ( Figure S4 ). K413 of IDH2 is a SIRT3 target (Yu et al., 2012) , and here we observed 50% increased acetylation in Sirt3
-CR to WT-CD results, a similar analysis revealed numerous proteins exhibiting 10-to 100-fold increases in specific acetylation, while many lysine residues displayed minimal perturbation.
Cluster Analysis Reveals Distinct Classes of Acetyl Isoforms
To determine whether the quantifiable mitochondrial acetyl sites could be categorized into subpopulations based on their specific patterns across all four conditions (WT-CD, WT-CR, Sirt3 À/À -
CD, and Sirt3
À/À -CR), we used a probabilistic clustering algorithm based on a Gaussian mixture model (Hastie et al., 2009 ). The clustering algorithm generated 15 clusters ( Figure 5A ) that segregate into three distinct classes: Class 1 acetyl sites that are controlled by SIRT3 protein expression, exhibiting low acetylation under CR when SIRT3 is maximally expressed and hyperacetylation when SIRT3 expression is lost; Class 2 acetyl sites that increase in response to CR; and Class 3 sites that display minimal change in response to either dietary regimen or SIRT3 expression.
We postulated that each major acetylation class might comprise unique physical properties. To investigate this, we interrogated the sequence and secondary structure of acetyl sites among each class subpopulation. Initially, the frequencies of neighboring amino acids were determined for acetyl sites from each class and compared against all acetyl peptides quantified, avoiding false motifs that may arise from antibody bias by immunoenrichment. We observed distinct preferences for amino acids localized near the acetyl lysine for each class ( Figure 5B ). Positively charged residues (i.e., Lys and Arg) near the acetyl lysine are more prevalent in clusters (Class 1) with increased acetylation in the absence of SIRT3. A strong preference for basic peptides is consistent with previous SPOT-library and machine-learning screens of SIRT3 substrate specificity and with the structure of SIRT3. The peptide-binding pocket of SIRT3 contains negatively charged residues, particularly C-terminal to the acetyl lysine binding site (Jin et al., 2009) . In Class 2 (acetyl sites displaying increased acetylation in response to CR), surrounding sequences are largely hydrophobic and uncharged residues. The nature of Class 2 sites and the inability of SIRT3 to induce deacetylation suggests that these acetyl lysines are within hydrophobic regions and inaccessible to SIRT3. In Class 3 (acetyl sites displaying little change in response to dietary treatment or SIRT3 expression), amino acids surrounding acetyl lysine are enriched for negatively charged residues at positions À1 and +1. Given the known in vitro peptide specificity of SIRT3 , Class 3 acetyl lysines are expected to be poor SIRT3 substrates.
For each acetyl isoform, the conformational tendencies for a helix, b strand, or coil were determined using PSIPRED (Jones, 1999) , a protein structure server used to predict protein secondary structure against a background set containing all lysines of mitochondrial proteins identified in this study. The local secondary structures allow for interrogation of differentially enriched regions for acetyl lysine in each cluster ( Figure 5C ). Previous global acetyl-proteomics studies indicated that acetyl lysine sites are significantly enriched in a-helical and b strand regions (Kim et al., 2006) . Our data reveal distinct secondary structure preferences among different subpopulations of acetyl sites. Class 1 acetyl sites are significantly enriched in a-helical regions (p < 3.0 3 10 À3 , hypergeometric test) and depleted in b strand regions (p < 2.0 3 10 À4 ) ( Figure 5C ). Acetyl sites increasing in response to CR (Class 2) are enriched in a-helical regions (p < 2.5 3 10 À5 ) and depleted in coils (p < 8.0 3 10
À4
). Interestingly, Class 3 acetyl sites, which are unchanging across conditions, display no significant enrichment in any secondary structure element.
SIRT3 Coordinately Deacetylates Multiple Targets in Mitochondrial Metabolic Pathways
Dysregulation of mitochondrial energy metabolism is a hallmark of aging and disease; however, CR apposes these trends and leads to increased metabolic gene expression and changes in metabolism that protect cells and tissues from aging. The reprogramming of metabolism toward more efficient fuel utilization and energy production requires coordinate regulation of a number of mitochondrial metabolic pathways. Cluster ( Figure 5 ) and scatterplot ( Figure 4B ) analysis identified a large pool of regulated sites dominated by SIRT3. To identify affected pathways and understand the biological functions of these acetyl sites responding to CR and Sirt3 biological processes using Gene Ontology annotations, and networks were visualized in Cytoscape (Smoot et al., 2011 ). Significant enrichment of major mitochondrial processes was apparent, including fatty acid metabolism, electron transport/ ATP production, acetyl-CoA metabolism, amino acid catabolism, and mitochondrial integrity ( Figure S5 ). Strikingly, these results reveal two major features: (1) SIRT3 regulates the acetylation status of multiple proteins within a given pathway and (2) SIRT3 regulates pathways not previously linked to SIRT3 function. These include branched-chain amino-acid (BCAA) catabolism, one-carbon metabolism, mitochondrial genome maintenance and transcription, and iron homeostasis.
Metabolite Analysis of Sirt3 -/-MEFs Verifies Pathways
Regulated by Acetylation To provide complementary evidence of pathways affected by SIRT3, we profiled metabolite changes resulting from genetic loss of SIRT3. This was accomplished by comparing, over a time course, the metabolic differences in Sirt3 À/À and Sirt3 +/+ mouse embryonic fibroblasts (MEFs). Although a number of metabolites in liver tissue and plasma were determined in previous analyses of Sirt3 À/À mice Hirschey et al., 2010) , here the utilization of homogenous MEFs provided a number of benefits: (1) eliminated the complexity of entire organism analysis and multitissue compensation; (2) allowed for controlled growth conditions; and (3) provided the opportunity to utilize isotopic metabolites and quantitatively monitor flux, ultimately resulting in clear identification of pathways affected by loss of SIRT3 and subsequent increased protein acetylation. Briefly, MEFs were cultured to 80% confluence, and media was replaced with modified minimal medium supplemented with 2 mM [U-
13
C]-glucose and 10 mM glutamine. Cells and their corresponding conditioned media were collected at 0.25, 0.5, 1, 4, 8, and 16 hr. Lysed cells were subjected to nuclear magnetic resonance (NMR)-based metabolomics analysis. A total of 44 cellular metabolites were identified in 1 H spectra (Table S3) . To determine the distribution of experimental groups, an unsupervised principal component analysis (PCA) (Bathe et al., 2011; Janes and Yaffe, 2006) was performed with 31 metabolites that were quantifiable in all samples (Figure 6 ). Three principal components (PCs) were used in the analysis, capturing 84% of the total variance in the data ( Figure S6 ). PCA analysis resulted in a clear segregation between Sirt3 À/À and Sirt3 +/+ MEFs ( Figure 6A ), demonstrating these populations are metabolically distinct. The loading plot ( Figure 6B ) identified metabolites that significantly contribute to the biochemical segregation of Sirt3 À/À and Sirt3 +/+ MEFs. This metabolomic analysis identified perturbations in many metabolic pathways, which likewise were revealed from our SIRT3-dependent acetylome investigation, providing corroborating evidence that SIRT3 regulates the acetylation and activity of diverse proteins in many mitochondrial processes. Below, we highlight these pathways and briefly discuss supporting biochemical, structural, and biological evidence.
Amino Acid Catabolism CR requires metabolic adaption to lowered energy input, commonly resulting in enhanced gluconeogenesis fueled by precursors generated from protein breakdown. In CR mice, the transcription and enzymatic activity of transamination and nitrogen disposal enzymes are increased, supporting the importance of amino acid catabolism in the adaption to CR (Hagopian et al., 2003) . Our analysis identified eight highly regulated acetyl sites on proteins involved in transamination and nitrogen detoxification, including carbamoyl phosphate synthase 1 (CPS1, K1356), glutaminase (GLS2, K329), glutamate dehydrogenase (GLUD1, K480), and ornithine carbamoyltransferase (OTC, K275), demonstrating the extent to which SIRT3 regulates amino acid catabolism and the urea cycle in response to CR. Metabolite analysis revealed an accumulation of many amino acids in Sirt3 À/À MEFs, including glutamate, glutamine, serine, threonine, and tyrosine (Tables 1 and S3 ). These data are supportive of significant defects in amino acid catabolism resulting from the loss of SIRT3. The accumulation of glutamine over time in Sirt3 À/À MEFs provides evidence that acetylation downregulates GLS2 activity, a primary enzyme responsible for glutamine catabolism. Here we identified K329 within GLS2 with a 4.7-fold increase in acetyl occupancy in Sirt3
-CR. Based on the homologous site in the cytoplasmic isoform of GLS2, K329 lies in the homodimeric interface and would be predicted to affect activity (DeLaBarre et al., 2011) .
Amino acid catabolism is an important anapleurotic pathway for other mitochondrial processes. The breakdown of BCAA (isoleucine, leucine, and valine) results in the production of acetyl-CoA and succinyl CoA, metabolites used in the citric acid cycle (TCA) or ketone body synthesis, pathways important in CR responses. Acetylome data reveal BCAA catabolism as a highly enriched Kyoto Encyclopedia of Genes and Genomes pathway among mitochondrial proteins regulated by SIRT3 in response to CR ( Figure S7 ). Nearly half of the proteins involved in this pathway contain significantly increasing acetyl sites in Sirt3 À/À -CR ( Figure S5 ; Table 1 ). These include two subunits of branched-chain alpha-keto acid dehydrogenase (BCKDHA and AUH), the enzyme catalyzing the first, shared step in breakdown of all BCAA in the liver. Supporting the conclusion that acetylation decreases BCKDHA activity, isoleucine, leucine, and valine are elevated in Sirt3 À/À MEFs (Table S3 ) and in
Sirt3
À/À liver tissue (Table 1) . Deficiency in acetyl-CoA acetyltransferase (ACAT1) in humans has been associated with a buildup of branched chain amino-acid metabolites (Fontaine et al., 1996) . ACAT1 plays a critical role in BCAA catabolism as well as acetyl-CoA metabolism and ketone body synthesis (Haapalainen et al., 2007) . Our acetylome analysis provided strong evidence that ACAT1 is a major target of SIRT3 (Figure S4 ). Of the 22 acetyl lysines quantified in ACAT1, three (K260, K263, and K265) display a 16-to 32-fold acetylation increase in the absence of SIRT3. These residues are located within the CoA-binding pocket of ACAT1, within 3-5 Å from the ribosyl-phosphate group of CoA; thus, we predict acetylation of these residues will alter CoA binding and regulate ACAT1 activity. Additional evidence for SIRT3-dependent regulation of BCAA catabolism comes from the elevated levels of 3-hydroxyisovalerate in Sirt3 À/À MEFs at early time points (Table S3 ).
Increased excretion of 3-hydroxyisovalerate is an indicator of BCAA catabolic deficiency, organic acidemia, and is associated with a rare human recessive autosomal disorder caused by isovaleryl-CoA dehydrogenase (IVD) deficiency (Lin et al., 2007) . Our acetylome analysis revealed that the acetylation state of IVD at K316 is controlled by SIRT3 in a CR-dependent manner. K316 undergoes deacetylation during CR, but a 3.27-fold increase in acetylation in the absence of SIRT3. K316 is found Error bars represent percent error calculated from isotopic acetyl CoA standard. See also Figure S6 and Table S3 . (Tiffany et al., 1997) .
Citric Acid Cycle
An increase in respiration efficiency is a hallmark of the mitochondrial response to CR (Civitarese et al., 2007) . This relies on precisely controlled production and consumption of redox coenzymes NADH and FADH 2 , produced in the TCA cycle. We identified nine acetyl sites on four enzymes of the TCA cycle that display increased acetylation of >4-fold, including citrate synthase (CS, K49jK52), aconitase (ACO2, K144), malate dehydrogenase (MDH2, K239), and succinate dehydrogenase (SDHA, K179). Metabolite analysis identified an increase in succinate in Sirt3 À/À MEFs (Table S3 ) and provides further evidence for acetylation decreasing succinate dehydrogenase activity. Consistent with a role for dynamic acetylation in the TCA cycle, alterations in glutamate, lactate, and aspartate were also apparent in Sirt3 À/À MEFs.
One of the most striking examples of hyperacetylation upon loss of SIRT3 is MDH2. Among seven quantified acetyl sites on MDH2, K239 displayed a 66-fold increase in acetylation in Sirt3 À/À mice. This same site exhibited decreased acetylation under CR with WT animals. Within the MDH2 structure, K239 lies within the dimeric interface and near to the substrate-binding channel (Protein Data Bank ID Code [PDB] 2DFD). Thus, K239 is a likely target of SIRT3 in response to CR ( Figure S4 ). Within the MDH2 structure, K239 lies within the dimeric interface and near to the substrate-binding channel (PDB 2DFD). To provide evidence that acetylation of K239 would affect MDH2 activity, we generated the acetyl mimic (K239Q) and compared activity against WT protein. Indeed, the K239Q mutant exhibited a dramatic loss in activity (>5-fold) when compared to WT, suggesting acetylation of this site dynamically regulates MDH2 activity ( Figure 6E ). This example provides additional validation of our acetylome atlas and demonstrates the utility of mining the data for functional importance and defining specific roles for SIRT3.
One-Carbon Metabolism
One-carbon (1C) transfer reactions are essential for amino acid catabolism; transfer of methyl groups to DNA, RNA, and proteins; and in formylation of the initiator transfer RNA (tRNA) required for mitochondrial protein synthesis (Tibbetts and Appling, 2010) . Serine, glycine, dimethylglycine, sarcosine, and choline serve as mitochondrial 1C donors. Four key proteins involved in 1C transfer reactions contain acetyl sites responsive to CR and Sirt3 À/À ( Figure S5 ; MEFs by PCA and is elevated in Sirt3 À/À MEFs (Table S3) , supporting the role of SIRT3 in regulating SHMT2 activity and a defect in serine utilization. Mitochondrial dimethylglycine dehydrogenase (DMGDH) converts dimethylglycine to sarcosine , and relevant perturbations of metabolites associated with those mitochondrial pathways. #, number of additional acetyl sites increasing 4-fold; *, metabolite exhibiting change, but not statistically significant (p < 0.05). and contains an acetyl site (K852), whose relative acetyl occupancy increases a dramatic 36-fold in Sirt3 À/À -CR.
Choline is a major source of dietary methyl groups in mammals, and oxidation of choline to betaine, which ultimately supplies 1C units to the mitochondria as dimethylglycine, takes place primarily in the liver. Choline dehydrogenase (CHDH, K582) contains an acetyl site displaying increased acetylation of 6.8-fold. Betaine, choline, and homocysteine, a metabolite necessary for the conversion of betaine to dimethylglycine, are all altered in liver tissue in response to CR and Sirt3 À/À ( Figure S5 ; Table 1 ). Together these results provide compelling evidence that SIRT3 controls donation of 1C units to carbon carriers in the mitochondria.
Mitochondrial Integrity CR is reported to enhance mitochondrial proliferation (Civitarese et al., 2007; Ló pez-Lluch et al., 2006) . Consistent with new protein synthesis, over 40% of gene transcripts overexpressed in response to CR (Plank et al., 2012) were identified in the current study with increased (R40%) relative protein level in CR (Table S1 ). However, overall proteome quantitation argues against widespread mitochondrial biogenesis during CR ( Figure S2 ), as discussed previously (Miller et al., 2012) . We observed a slight overall enrichment of mitochondrial proteins relative to nonmitochondrial proteins during CR. Our data support reversible acetylation as a major mechanism that drives CR-dependent metabolic reprogramming in mitochondria. It is known that CR-adapted mitochondria use less oxygen and produce less reactive oxygen species (ROS), while maintaining ATP production. One molecular mechanism to enhance mitochondrial performance, while minimizing new protein synthesis, might be the stimulation of effective quality control pathways for mitochondrial proteins. Our study supports this hypothesis. We identified significant SIRT3-dependent changes in acetylation (>6-fold, p < 0.05) on major enzymatic regulators of mitochondrial proteome homeostasis, including the ATP-dependent Lon-like protease (LONP1, K378), and the chaperone proteins, 100 kDa chaperone (CLPX, K127), heat shock protein 70 (HSPA9, K653), and 10 kDa heat shock protein (HSPE1, K36).
Our analysis reveals a potential role for SIRT3 in coordinating the regulatory network required for maintaining mitochondrial integrity, including protein quality control, mitochondrial DNA (mtDNA) transcription and translation, and iron homeostasis. Mitochondria play a central role in iron metabolism and serve as a key location for iron sulfur cluster (Fe-S) and heme biogenesis (Richardson et al., 2010) . Several proteins involved in homeostasis are well-represented as major targets of SIRT3 deacetylation ( Figure S5 ; Table 1 ). These include frataxin (FXN), ACO2, and GLRX5.
Mitochondrial Genome Maintenance, Transcription, and Translation A number of components from mitochondrial transcription and translational machinery are highlighted in the network analysis of SIRT3-regulated acetylation sites ( Figure S5 ). Mitochondrial transcription factor A (TFAM, K70) plays an essential role in maintenance, expression, and organization of mitochondrial DNA (Ngo et al., 2011) . TFAM is required for efficient promoter recognition by mitochondrial RNA polymerase and binds and induces significant conformational changes in mtDNA (Campbell et al., 2012) . We identified a previously unreported acetyl lysine in TFAM, K70 that exhibits an 8-fold increase in acetylation in Sirt3 À/À and a slight decrease in acetylation under CR when SIRT3 expression is induced. Reversible acetylation of TFAM could control mtDNA binding and subsequent transcription, akin to the role of histone acetylation regulating nuclear gene expression. Mitochondrial ribosomal proteins (MRPS9, K174 and MRPL12, K145) play an important role in coordinating mitochondrial transcription and translation and contain acetyl sites that increase 5-and 18-fold, respectively, in the Sirt3
-CR condition. MRPL12 interacts with mitochondrial RNA polymerase and is thought to enhance mitochondrial transcription . The essential mitochondrial elongation factor Ts (TSFM, K83) is also a target of SIRT3-dependent acetylation. Mutations in TSFM result in severe infantile liver failure (Vedrenne et al., 2012) . TSFM functions as an activator of elongation factor Tu, which delivers the aminoacyl-tRNA to the ribosome during elongation of protein synthesis. K83 exists at a kink in alpha helix 3 of TSFM, connecting two major contact regions with elongation factor Tu, and would be predicted to alter protein:protein interaction (Jeppesen et al., 2005) . C]-glucose were analyzed by NMR spectroscopy, and the consumption of glucose and production of 13 C-labeled metabolites was monitored over 16 hr ( Figure 6D) . Strikingly, the rate of 13 C-lactate and 13 C-alanine production and excretion to media was increased dramatically in Sirt3 À/À MEFs 17-and 4-fold, respectively, compared to Sirt3 +/+ ( Figure 6D ). These flux studies indicate a major defect in oxidative glucose metabolism in the absence of SIRT3. Glucose uptake is slightly increased in Sirt3 À/À MEFs, and a buildup of glucose-derived metabolites, such as myoinositol and uridine diphosphate-glucose, was apparent in 1 H-spectral analysis ( Figure 6B ; Table S3 ). These results reinforce the hypothesis that SIRT3 plays a critical role in mitochondrial metabolic reprogramming toward oxidative metabolism and are consistent with previous reports (Finley et al., 2011 Figure 6F ). In contrast, Sirt3 À/À mice were unable to lower their acetyl-CoA levels in response to CR ( Figure 6F ). The ratios of acetyl-CoA/CoA displayed similar trends, indicating that the difference in these ratios reflect differences primarily in acetyl-CoA. Lower levels of acetyl-CoA during CR are consistent with increased acetylCoA utilization in energy requiring processes and validate the role of SIRT3 in mitochondrial reprogramming toward efficient oxidative metabolism. Sirt3 À/À mice display lower acetyl CoA under either dietary condition and were unable to lower their acetyl CoA levels in response to CR. These findings are consistent with a deficiency in mitochondrial oxidative metabolism due to misregulation of protein acetylation in the absence of SIRT3.
DISCUSSION
We developed and applied a method for multiplexed, global acetyl-proteome quantification directly from mammalian tissues. Our approach uses tandem mass tags for isotope-based isobaric tagging, fractionation using strong cation exchange chromatography, highly efficient immunopurification of acetyllysine residues, and, finally, reversed-phase nanoflow liquid chromatography coupled with high-resolution and high-massaccuracy MS. We used this approach to provide a comprehensive and quantitative analysis of 3,285 acetylation sites altered by CR and/or the genetic loss of SIRT3. Biochemical and computational analyses revealed that the 2,193 acetylation sites from mitochondrial proteins fell into three general classes, each with distinct functional and physical features. Given their dynamic nature, Class 1 and 2 acetylation sites provide new insight into regulation of mitochondrial processes and the mechanisms of protein (de)acetylation, while Class 3 acetylation sites appear to represent low-level, spurious acetylation of surfaceexposed lysine residues. Importantly, these data provide the foundation for understanding the breadth and depth of the mitochondrial proteome and acetylome in response to such profound reprogramming input as CR and SIRT3 expression.
EXPERIMENTAL PROCEDURES
See Supplemental Information for detailed experimental procedures.
Sample Preparation, Mass Spectrometry, and Data Analysis Mitochondria were isolated from homogenized mouse liver tissue by differential centrifugation. Protein was extracted by sonication and quantified by a bicinchoninic acid assay. Proteins were reduced, alkylated, and digested with LysC followed by trypsin. The resulting peptides were labeled with TMT isobaric labels, mixed, and fractionated by strong cation exchange chromatography. Acetylated peptides were enriched with pan-acetyl lysine antibody-agarose conjugate. Enriched and nonenriched fractions were analyzed by nano reverse phase liquid chromatography coupled to an Orbitrap Elite (Thermo). Spectra were searched using open mass spectrometry search algorithm, and results were filtered to 1% FDR at the unique peptide level using the COMPASS software suite. TMT quantitation and protein grouping were performed according to previously reported rules (Phanstiel et al., 2011) . Proteins were identified as mitochondrial or nonmitochondrial based on inclusion or exclusion from the mitoCarta compendium of mitochondrial mouse proteins (Pagliarini et al., 2008) .
Bioinformatics
To cluster the acetyl sites, we used a Gaussian mixture model clustering algorithm (Hastie et al., 2009 ). The frequencies of amino acids surrounding acetylated lysines were compared for acetyl sites from each class with all acetyl sites quantified in the study using iceLogo (Colaert et al., 2009) . Mouse protein FASTA sequences were downloaded from the European Molecular Biology Laboratory and the PSIPRED program was used to predict three types of secondary structures (Jones, 1999) .
Metabolite Analysis Sirt3 +/+ or Sirt3 À/À MEFs were cultured to 80% confluence. Cells were treated with 2 mM [U-
13
C]-glucose and 10 mM glutamine. Cells were harvested, and conditioned media were collected at 15 min, 30 min, 1 hr, 4 hr, 8 hr, and 16 hr. NMR spectra were collected using a Varian 600 NMR spectrometer, and data was processed using software package vnmrJ 1.1D (Varian, Inc).
Acetyl CoA and CoA Measurement Metabolites were extracted from liver tissue in a cold solution of methanol and 1% trifluoroacetic acid (TFA) in the presence of acetyl-1,2-13 C 2 coenzyme A.
Samples were prepared using solid phase chromatography and analyzed by high-performance liquid chromatography (HPLC) coupled to a Qtrap MS (Applied Biosystems).
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